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The photodissociation dynamics of®in the A'B; band is investigated by implementing a recently developed
time-sliced semiclassical initial value representation method (Burant, J. C.; Batista,JV C8em. Phys.

2002 116, 2748). The capabilities of the computational method are explored as applied to calculations of
partial and total photodissociation cross sections associated with highly excited vibrational stat€s of H
The direct comparison of our semiclassical results with full quantum mechanical calculations shows that the
semiclassical approach is able to describe th® bpectroscopy and the overall photodissociation dynamics

in excellent agreement with full guantum mechanical results.

I. Introduction atoms in the photodissociation of HOD at 157 kmAll

Understanding the molecular mechanisms that are responsibIeGXpe”ment"jII results have been very well reproduced and

for broad and structureless spectroscopic bands of polyatomicexplauned by the various theoretical calculations.

systems (e.g., the ¥8; absorption band of water) is a central ~ The relaxation dynamics that follows photoexcitation gOH
problem in chemical dynamics. These relaxation processes aremolecules initially prepared in the ground vibrational state was
ideally suited to detailed investigation using new advanced found to be relatively simple and has been successfully modeled
computational methods for describing quantum reaction dynam-in terms of classical molecular dynamics simulati®#.

ics. This paper reports the first application of a recently However, the photodissociation from highly excited vibrational
developed time-sliced (TS) semiclassical initial value represen- States required a rigorous quantum mechanical treafriefit
tation (SC-IVR) methotito the description of a real photo- (€.g., earlier SC-IVR simulations have been only partially
chemical reaction: the ultrafast photodissociation dynamics of successful at reproducing full quantum mechanical re$plts

H,0 in the first absorption band {8;), It is, therefore, of interest to explore to what extent a more
accurate semiclassical method (e.g., the TS SC-IVR of ref 1) is
H,O(X'A,) + ko — H,O(A'B,) — able to describe the photodissociation dynamics @DH

5 5 prepared in highly excited vibrational states. In particular, we
H(S) + OH(XTL, n) (1) would like to test the capabilities of the method as applied to
) describe the absorption spectra and the final product distributions
whe_re @ 1S the photon frequency, and, represents the_ that result from the photodissociation of ti0 Oand |31 0
ro-v_lb(atlonal state .Of the OH photofrag_mgnt. The photoqlls- vibrational states. These states have been studied both experi-
sociation reaction, introduced by eq 1, is ideal for exploring mentallyl” and theoreticallys and they are almost degenerate
the capabilities of new computational methods because it haseach containing roughly fOl’Jr quanta of OH vibration. Remark,-
been extensively investigated both theoretically and experimen- ably, however, they relax according to different photodissocia-
tally.2 Most of the previous studies have been motivated by the tion ioathways ’(e 9., the0-[state produces almost exclusively
importance of such a reaction in atmospheric and interstellar (n=0), for hhatoexcitation energies near the onset of the

ConsiLes a prototype model for ulatast and dieot issociaon SPECUUM: Wihereas the dissociaton of 184 Cistate yields
P yp primarily OH (n = 1), wheren is the vibrational quantum

for which accurate ab initio potential energy surfaces are readily number)

available34 o
In recent years, there has been significant progress in the SC-IVR methods originated more than 30 years ago as a way

development of a wide variety of computational methods for ©f describing quantum dynamics according to classical molecular

describing reaction dynamics, and various simulations have dynamics simulation’ In recent years, there has been con-
developed an understanding of theQH spectroscopy at a  Siderable interest in the development of new implementation
detailed molecular level, including the analysis of the total Method$>1¥"!that pursue the establishment of truly convenient
absorption spectrum at room temperattitbe rotational and ~ alternatives to full-quantum mechanical techniques. The new
vibrational state distributions of OH photofragments following implementation methodologies have been implemented in a
the photolysis at 157 nm in the bulk and in a molecular béam, number of model test systems and also in simulations of realistic
the rotational OH distributions originating from the photodis- eactions that allowed for direct comparisons with experimental
sociation of single, nondegenerate rotational states of Water, ~data:®%>"%>We have also applied the SC-IVR to simulations
the Raman spectra for,, HOD and RO for several excitation ~ Of realistic two-color pump probe experiments of femtosecond
wavelengths? and the branching ratios for producing H and D Photoelectron spectroscopy simulations of ultrafast photo-
induced proton-transfer reactioffs*¢ and simulations of coher-

T Part of the special issue “John C. Tully Festschrift". ent controR9:40

10.1021/jp0207735 CCC: $22.00 © 2002 American Chemical Society
Published on Web 07/16/2002




8272 J. Phys. Chem. B, Vol. 106, No. 33, 2002 Wu and Batista

Of particular interest in this paper is the time-sliced semiclas- The constant parameterintroduced by eq 7 is the width of
sical approach of referenéeThe method computes the time the coherent state. The integration variabfgs ¢o) in eq 6 are
evolution operator by concatenating finite time propagators the initial conditions for classical trajectories of the time-evolved
along the lines of previous proposd=>51 and bridges the  coordinates and momentg = q.(Po,go) andp; = p.(Po.do)-
gap between semiclassical and full quantum dynamics becauseThese trajectories are obtained by integrating the usual classical
it becomes exact in the limit of sufficiently short time slice equations of motion. The initial conditiongo( do) define a basis
intervals. Reference 1 shows that the concatenation of finite set of regularly spaced coherent states for wHigia,co|Wo-
time propagators significantly improves the accuracy of simula- ()0 = ¢. The parametet is determined by the desired accuracy.
tions based on the HermaiKluk (HK) SC-IVR.52 Although The basis set is reinitialized after each propagation time slice
the method has yet to be applied to quantum dynamics interval 7, using the truncation condition determined by the
simulations of real molecular systems, quantitative agreementcutoff parametet. S;(po,qo) is the classical action along each
with full quantum mechanical results has already been verified trajectory, obtained by integrating the equation
in the description of one- and two-dimensional model systems .
that included tunneling between disjoint classically allowed S = prd; — H(puay) 8)
regions, long-time dynamics, and nonadiabatic dynamics. This
paper, thus, reports the first application of the method to the for time z. Finally, the preexponential fact@:(po,qo) in eq 6
computation of photodissociation cross sections of a real involves the monodromy matrix elements that are propagated
photochemical reaction. according to the equations for the stability mafdxihe exact

The paper is organized as follows: section Il outlines the Hamiltonian operator in terms of Jacobi coordinates is given
semiclassical approach and its implementation to describe theby
H,O dynamics of photodissociation, and the calculations of

photodissociation cross sections. Section Ill describes our resultsy, _ _i3_2+§i_ﬁ _if)_z Zi_ﬁ +

and compares them with full quantum mechanical calculations. 2m\sR2 ROR RE  2ulgz ror 2

Section IV summarizes and concludes. V(Rr,0) (9)
Il. Semiclassical Approach where m and ¢ are the reduced masses fop@4and OH,

The details of the time-sliced semiclassical approach are respective}yl is the orbital angular momentum of H with respect
readily available in ref 1. This section briefly describes the 0 OHand is the molecular angular momentum of OHR,6)
method in order to outline its implementation to model the 'S the ab initio potential energy surface that describes the A

excited-state photodissociation dynamics ebH electronic excited state of 8,2 and cosg) = R-r/Rr.
The time-dependent wave functidk|W,(j)Cis obtained by To me}ke a rigorous comparison with previous full quantum
propagating the initial statP(j)Jaccording to mechanical calculations by Schinke and co-workeas, well
as with previous SC-IVR results by Brumer and co-workérs,
X|W ()= fdx' XK X' K [ () O @) we consider the lightheavy-light (LHL) approximation where

the hydrogen mass is negligible compared to the mass of oxygen.

wherex denotes the nuclear degrees of freedom, &iig|x'C0  The approximation simply equatesindR to the two OH bond

is the time evolution operator in the coordinate representation distances and is quite accurate fojGH Furthermore, bending
motion is neglected, and the system is assumed to have total

XK, X = |3|e*‘“t’h|x'[] ©) angular momentunj = 0. Note that within the assumed
approximationsu = m = my, wheremy is the mass of a
The time evolution operator, introduced by eq 3, is time-sliced hydrogen atom, and the Hamiltonian assumes the form
by repeatedly inserting the resolution of identity b2 )
Pr

gy =-_R 4
1= fox xOx| 4) H(r,R.Pgp;:0) = 2 + 50+ V(LRO) (10)
yielding To compare with calculations by Schirfkand Brumer® we
L consider propagation on the #tate potential fof = 104°.
D(n|e7'H(‘”7t°)’h|xoD= f aX,_q .. The total photodissociation cross sectiof(§), as a function

s o of the photon energk, are obtained from the Fourier transform
—(iR)F(ta—to— —(ifh)F(t,— ; .
fdxl Xle” MHGTd) 0L e PHETI)x (5) of the survival amplitude;(t),

wheretg < t; < ... <1, - 1 <ty For sufficiently short time 1 e (E+E)k
periods,t = tx — tx—1, each propagator introduced by eq 5 is Ui(E) - %Imdt gi(t)eI J (11)
approximated by the semiclassical propagator in its coherent-
state representatigh with
—(i/R)HT . —il . . .
e W x E(t) = Wh)le ™ "W() = W) WD (12)

-D i Sr(po.do)/h
(27h) f dpo f ddo 1P C(Po.Go)® ool (6) Here,|Wo())C= uax|jCis the eigenstatglof energyE; associated

whereD is the number of nuclear degrees of freedom g0 with the ground electronic state dultiplied by the transition

are the minimum uncertainty wave packets, or coherent statesmomentuax. Note that for simplicity (and likewise in the
(CS), expressions of partial photodissociation cross sections) we do

not include the frequency factor in the expression of the total
2y\Pr4 ol V2 _ photodissociation cross section. TheeAcited-state potential
X|p,.a,l= (n) expl=y(x = a,)" + ipx = a)/h] (7) energy surface and the transition momexgy are parametrized
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Figure 1. Contour plots for the norm of the time-evolved wave padKét versus the two OH separationsandr; at 2.42 fs (panels a and c) and

3.63 fs (panels b and d) after photoexcitation eHo the AB; electronic excited state. Results obtained according to the semiclassical methodology

are displayed in solid lines. The corresponding full-quantum mechanical results are displayed in dashed lines. Panels a and b show resllts associate
with the |31 initial state. Panels ¢ and d show the analogous results fOrikitially prepared in thd40 Ovibrational state.

a_lccording to _ref 4 as_described_ in sections I z_ind IV, respec- Cn(RoD) = Lwdr Ej{;n|r,Rm|e"Ht’h|1PO(j)D (14)
tively. The initial vibrational state(in the calculations reported

in section Ill are specified by the quantum numbers of excitation
n and m, associated with the two OH stretching modes. We
investigate thé40~Cand |31 Ostates, which are the fifthj &

5) and sixth [ = 6) eigenstates of ungerade symmetry. These
states are obtained by computing the DVR eigenstatdéshe

X empirical potential of Sorbie and Murréft. Their corre-

where |[ynOare the asymptotic vibrational states of the OH
photofragment. These vibrational states are numerically obtained
according to the Numerov's meth&d,implemented on the
ground-state potential energy surfefcat R = R, = 6.0 A.

) . . Ill. Results
sponding energies with respect to the ground stateEagre
13 830.9 cm! andEg = 14 318.8 cmit.5s Results are presented as follows. First, the semiclassical
Partial photodissociation cross sections are obtained according’esults for the individual wave packet components for both the
to the quantum formalism due to Balint-Kurti et. #where it |40~ Uand the|31 Uinitial states are compared to the corre-
is shown that the partial photodissociation cross sectifis;) sponding quantum mechanical results. Such a comparison
are obtained from the Fourier transform provides a comprehensive picture of the dependence of the

survival amplitudes and photodissociation cross sections on the
structure of nodes associated with the individual wave packets.
The comparison also demonstrates the ability of the semiclas-
sical methodology to descritedl the features associated with

with the relaxation process after photoexcitation of the system.

o) = (1) " [t G (R.HEEH  (13)
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Furthermore, an exhaustive comparison between semiclassicala 4 ¢
and full quantum mechanical results is presented for the total
and partial photodissociation cross sections, as well as for their
corresponding survival amplitudes associated with |G [
|40~[) and|31  Cinitial states of HO, and the00™[] |01 [} and

|10~ [initial states of DOH. The comparison demonstrates that
the TS SC-IVR of ref 1 is able to describe theGHspectroscopy

as well as the complete photodissociation dynamics, including 06
the isotopic substitution effects, in excellent agreement with full
guantum mechanical calculations.

The semiclassical results were obtained by implementing a 0.4 - \ \
discretization of the basis defined by the spacings; = 40\
/2y, and Ap; = \/y,, where the coherent state widths= 1 \
Muwj, With w1 = 3671 cmi'! (symmetric stretch) and, = 3759 02+ 44 \
cm™1 (antisymmetric stretch), respectively. The calculations
were obtained by using a cutoff paramefer 1073, resulting
in a basis set that ranged from 2000 to 4500 coherent states i : ' . ' - ' ' .
throughout the whole propagation time. The reinitialization time 0 100 200 300 400 500
slice intervalr = 3.0 au. Full guantum mechanical results were tfa.u]
obtained using the fast Fourier transform mefifodith an
extended grid of 256 points in both the and R Jacobi b s
coordinates (i.e., a total of 65 536 grid points), defined in the
range of coordinatepX — 4.0 ay < 3.0 au, whereX =R, r.

Figure 1 shows contour plots of the time evolvegHvave A
packet, initially prepared in theg81 [state (see panels a and 44
b), and in the|40-Ovibrational state (see panels ¢ and d),
respectively. The minus indicates that these states are antisym- i
metric with respect to the line defined by equat B distances.
Panels a and ¢ show the time-evolved wave packets at 2.42 fs,
and panels b and c display wave packets at 3.63 fs. The
comparison of our quantum results with previous quantum ]
mechanical calculations (e.g., see Figure 2 of ref 15) indicates st /
that the agreement is excellent. Also Figure 1 shows that the 2 R ]
semiclassical results obtained according to the TS SC-IVR are 0 A

¥ 1
U

0.8

Is(®)l

3 4

log,q(c,,)

in much better agreement with full quantum mechanical
calculations than those reported by earlier SC-IVR computations .
(e.g., see Figure 1 of ref 16). Y !
Figure 2a shows the comparison of survival amplitudes '
computed semiclassically (solid lines) and according to quantum
mechanics (dashed lines). Results are shown for th® H E [ev]
molecule initially prepared in thg81-0Oand |40~ Ovibrational Figure 2. (a) Comparison of the semiclassical (solid lines) and the
states, respectively. The agreement between semiclassical anfpll quantum mechanical calculations (dashed lines) of the modulus of

; ; ; : the survival amplitudes associated with theCHmolecule initially
quantum calculations is once again very satisfactory. Theseprepared in the00'[) |31°[] and |40 Dvibrational states for the first

results are also in excellent agreement with previous quantumsgg ay of dynamics. (b) Comparison of the semiclassical (solid lines)
mechanical calculations (see Figure 3 of ref 15). The structuresand quantum results (dashed lines) for the total photodissociation cross
superimposed to the ultrafast decays in {B& Oand |40°0 sections as a function of the energy= Ej + ho in the excited
curves are due to the nodal structure in the initial wave packets electronic state, for b initially prepared in thé00*[]|31"C]and|40™0

(see Figure 1) and are therefore modulated by the partial overlap'iPrational states. Note that photodissociation cross sections are in
between the time-evolved wave function and the wave packet arbitrary units, and logarithmic scale to facilitate the comparison.

at time zero. For comparison, Figure 2a shows the survival
amplitude for HO initially prepared in the|00™0 ground full quantum results.

vibrational state. Figure 3 displays the partial photodissociation cross sections
The ultrafast decays give rise to the broad photodissociation for the vibrational states = 0, 1, and 2 of the OH photofrag-
cross sections displayed in Figure 2b as a function of the energyment. Panels -ac correspond to the # molecule initially
E = E + ho in the excited electronic state. As above, prepared in the|00"[) |31°[) and |40~ Ovibrational states,
semiclassical results (solid lines) are compared to quantumrespectively. These photodissociation cross sections are even
(dashed lines) calculations. Throughout this paper energy more structured than the total photodissociation cross sections.
normalization is such thaE = 0 corresponds to the three The comparison between quantum and semiclassical results,
separated ground-state atoms;HH + O. The photodissocia-  however, is once again very satisfactory. It is very clear from
tion cross section of th¢00*Ustate is much narrower and Figure 3 that both quantum and semiclassical calculations are
structureless, with slight modulations from a weak recurrence able to predict that thet0-Cstate produces almost exclusively
at 19 fs. These results are in excellent agreement with the full OH (n = 0), for energies between2.5 and—1.5 eV, whereas
guantum calculations reported in Figure 4 of ref 15. Earlier SC- the dissociation of thé31 [state yields preferentially OH(

IVR calculations, however, were in only partial agreement with
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Figure 3. Partial photodissociation cross sections for [0&[)|31°[]
and |40 O vibrational states of kD, are shown in panels-&,
respectively. Results for the final vibrational states 0, 1, and 2 of

the OH photofragment are displayed. Partial photodissociation cross

sections are displayed in arbitrary units and logarithmic scale to facilitate
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Figure 4. (a) Comparison between semiclassical (solid lines) and
quantum results (dashed lines) for the modulus of the survival
amplitudes associated with the DOH molecule initially prepared in the
|0070) |01°[) and |10 Ovibrational states. Panel b compares of the
semiclassical (solid lines) and quantum results (dashed lines) for the
corresponding total photodissociation cross sections as a function of
the energ)E = E; + hw in the excited electronic state. Photodissociation
cross sections are in arbitrary units and displayed in logarithmic scale
to facilitate the comparison.

= 1). Both calculations also predict that at higher energies the
vibrational distributions for both initial states become rather
broad. These results are also in excellent agreement with
previous quantum calculations (see Figure 5 of ref 15). In
contrast, previous SC-IVR computations of partial photodis-
socation cross sections were in poor agreement with quantum
results (see Figure 4 of ref 16, where the= 2 cross section
exceeds the = 1 cross section ned& = —1.94 eV, and the
semiclassical peak is shifted to lower energy).

For completeness, Figure 4a compares the semiclassical (solid
lines) and quantum (dashed lines) results for the modulus of
the survival amplitudes associated with the DOH molecule,
initially prepared in the00"™[] |01 [Jand|10 Cvibrational states.

the comparison between semiclassical (solid lines) and quantum resultsThe comparison of the corresponding total photodissociation

(dahsed lines).

cross sections, as a function of the enegy E; + Aw in the
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Figure 5. Partial photodissociation cross sections for 0@ [J|01°[]

and |10 Ovibrational states of HOD, are shown in panelsca
respectively. Results are shown for the final vibrational statesO,

1, and 2 of the OH photofragment. Partial photodissociation cross zg4
sections are displayed in arbitrary units and logarithmic scale to facilitate
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excited electronic state, is presented in Figure 4b. Once again
we find excellent agreement between semiclassical and full
guantum mechanical calculations. Remarkably, the TS SC-IVR
is able to describe not only the effects of isotopic substitution
but alsoall the differences between the total photodissociation
cross sections obtained by preparing the HOD molecule in
different vibrational states. Excellent agreement between semi-
classical and full quantum mechanical results is also observed
in the comparison of partial photodissociation cross sections
displayed in Figure 5 for th®0"[] |01 [Jand|10 Cvibrational
states of HOD (see panels-g, respectively).

IV. Conclusions

In this article we have demonstrated for the first time the
capabilities of the TS SC-IVR method of Burant and Batista to
the description of a real application reaction: the photodisso-
ciation dynamics of KO in the (A'B;) band.

Our semiclassical results were able to reproduce the correct
structure of survival amplitudes as well as the detailed partial
and total photoabsorption cross sections as functions of the
photoexcitation energy. We have demonstrated that the TS SC-
IVR describesall the features associated with theGHand DOH
photodissociation dynamics in excellent agreement with full
guantum calculations, including the detailed description of the
vibrational state distributions of OH photofragments produced
after photoexcitation of nearly degenerate states in the highly
excited vibrational HO. This was not a surprise because the
TS SC-IVR method was designed to approach the quantum
mechanical calculations both formally and numerically, but
demonstrated the potentiality of the methodology for studying
photodissociation reactions of polyatomic systems, even when
the outcome of the photochemical reaction was highly sensitive
to the initial quantum state of the system.

In the spirit of the original SC-IVR formulation, the quantum
mechanical propagator is computed by propagating classical
trajectories that are independent of each other. However,
contrary to the original formulation, the time evolution operator
is obtained by concatenating finite time propagators. The
accuracy is therefore significantly improved, as demonstrated
by the comparison of our results with full quantum mechanical
calculations and the results obtained by earlier SC-IVR studies.
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